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ABSTRACT 

I n  a p r e v i o u s  s tudy  ( R e f e r e n c e  1) t h e  sa fe  d i s p o s a l  
o f  t he  S-IVB t h r o u g h  c o l d  p r o p e l l a n t  dumps was d i s c u s s e d  f o r  
nominal  f r e e  r e t u r n  Apol lo  Lunar m i s s i o n s .  T h i s  memorandum 
e x t e n d s  t h e  r e s u l t s  t o  h y b r i d  m i s s i o n s .  These m i s s i o n s  are  
c h a r a c t e r i z e d  b y  an i n i t i a l  f r e e  r e t u r n  t r a j e c t o r y  h a v i n g  a 
g r e a t l y  i n c r e a s e d  p e r i s e l e n e  a l t i t u d e .  The s p e n t  S-IVB, i n  
t h e  absence  of  a c o r r e c t i v e  t h r u s t ,  w i l l  f o l l o w  t h i s  t r a j e c t o r y .  

I t  i s  concluded  t h a t  t h e  minimum v e l o c i t y  impu l se  
r e q u i r e d  t o  p l a c e  t h e  S-IVB i n  a s l i n g s h o t  o r b i t  i s  r e l a t i v e l y  
i n s e n s i t i v e  t o  t h e  p e r i s e l e n e  a l t i t u d e  of  t h e  f r e e  r e t u r n  t r a -  
j e c t o r y .  However, t h e  range  o f  v e l o c i t y  i m p u l s e s  which w i l l  
p roduce  a s l i n g s h o t  t r a j e c t o r y  i s  s i g n i f i c a n t l y  r educed  as t h e  
p e r i s e l e n e  a l t i t u d e  i s  i n c r e a s e d .  T h i s  e f f e c t  p la .ces  g r e a t e r  
a c c u r a c y  r e q u i r e m e n t s  on t h e  method of  s l i n g s h o t  i m p l e m e n t a t i o n  
f o r  h y b r i d  t r a n s l u n a r  t r a j e c t o r i e s .  I n  a d d i t i o r ,  t h e  p r o b a b i l i t y  
o f  an e a r t h  impact  b y  t h e  s p e n t  S - I V R  s t a g e  i s  also p o t e n t i a l l y  
i n c r e a s e d  because  o f  t h e  i n c r e a s e d  s e n s i t i v i t y  o f  p e r i g e e  t o  t h e  
magni tude  of  t l ie dump impulse .  
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I .  I N T R O D U C T I O N  

The s a f e  d i s p o s a l  o f  t h e  s p e n t  S-IVB a f t e r  t r a n s l u n a r  
i n j e c t i o n  (TLI) was d i s c u s s e d  i n  Refe rence  1. The v e l o c i t y  
impu l se  r e q u i r e d  t o  p l a c e  t h e  S-IVB i n  a s l i n g s h o t  o r b i t  was 
c a l c u l a t e d  under  v a r i o u s  c o n d i t i o n s ,  and i t  was shown t h a t  t h e  
r e q u i r e d  impulse  can b e  produced by dumping unburned p r o p e l l a n t  
t h r o u g h  t h e  S-IVB e n g i n e .  For t h i s  work a n  Apol lo  m i s s i o n  
h a v i n g  a f r ee  r e t u r n  t r a j e c t o r y  w i t h  a n e a r  60 n .mi .  p e r i s e l e n e  
a l t i t u d e  was assumed. 

T h i s  memorandum e x t e n d s  t h e  r e s u l t s  t o  h y b r i d  m i s s i o n s .  
I n  t hese  m i s s i o n s  t h e  s p a c e  v e h i c l e  i s  i n i t i a l l y  i n j e c t e d  i n t o  
a f r e e  r e t u r n  t r a j e c t o r y  h a v i n g  a g r e a t l y  i n c r e a s e d  p e r i s e l e n e  
a l t i t u d e .  Af t e r  a s p e c i f i e d  t ime has e l a p s e d ,  t h e  s p a c e c r a f t  
t h e n  t r a n s f e r s  t o  a non- f r ee  r e t u r n  t r a j e c t o r y  h a v i n g  a p e r i -  
s e l e n e  a l t i t u d e  n e a r  60 n .mi .  I n  t h e  absence  o f  a c o r r e c t i v e  
t h r u s t ,  t h e  s p e n t  S- IVB w i l l  p roceed  a l o n g  t h e  o r i g i n a l  h i g h  
p e r i s e l e n e  f ree  r e t u r n  t r a j e c t o r y .  A d d i t i o n a l  i n f o r m a t i o n  abou t  
t h e  c h a r a c t e r i s t i c s  and s y n t h e s i s  o f  h y b r i d  t r a j e c t o r i e s  may b e  
found i n  Refe rence  2 .  

For t h i s  s t u d y  o f  S- IVB d i s p o s a l  from hybr i -d  m i s s i o n s ,  
data  was g e n e r a t e d  u s i n g  i n t e g r a t e d  t r a j e c t o r i e s  produced  b y  
t h e  Bellcomm Apol lo  S i m u l a t i o n  Program (BCMASP). The l a u n c h  
da te  was s e l e c t e d  s o  t h a t  t h e  d i s t a n c e  between ea r th  and moon 
was abou t  e q u a l  t o  t h e  ave rage  d i s t a n c e .  The d i h e d r a l  a n g l e  
(DL1) between t h e  o r b i t a l  p l a n e  o f  t h e  moon and t h e  n e a r - e a r t h  
p o r t i o n  of t h e  ou tgo ing  s p a c e c r a f t  o r b i t  was a l m o s t  z e r o  for 
a P a c i f i c  i n j e c t i o n  and n e a r  t h e  maximum p o s s i b l e  v a l u e  f o r  
an  A t l a n t i c  i n j e c t i o n .  Both i n j e c t i o n  t y p e s  were used  i n  o r d e r  
t o  bound t h e  d i h e d r a l  a n g l e s  c h a r a c t e r i s t i c  of l a u n c h i n g  a t  
all p o s s i b l e  l aunch  d a t e s  and a z i m u t h s .  P e r i s e l e n e  d i s t a n c e s  
of 2 and 3 l u n a r  r a d i i  were used ,  i n  a d d i t i o n  t o  t h e  nominal  
Apo l lo  t r a j e c t o r y  h a v i n g  a p e r i s e l e n e  d i s t a n c e  o f  1 . 0 6  l u n a r  
r a d i i ,  c o r r e s p o n d i n g  to a 60  n .mi .  p e r i s e l e n e  a l t i t u d e .  The 
l a u n c h  t i m e ,  d i h e d r a l  a n g l e ,  earth-moon d i s t a n c e  and f l i g h t  
time f o r  these  s i x  f r e e  r e t u r n  c i r c u m l u n a r  t r a j e c t o r i e s  a re  
l i s t e d  i n  T a b l e  I .  I n  o r d e r  t o  d e r i v e  s e n s i t i v i t i e s  t h e s e  t ra -  
j e c t o r i e s  were t h e n  p e r t u r b e d  by a p p l y i n g  a t h r u s t  c h a r a c t e r i s t i c  
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o f  a c o l d  LOX dump th rough  t h e  J - 2  e n g i n e .  The t h r u s t  began 
two h o u r s  a f t e r  TLI and was d i r e c t e d  a l o n g  t h e  n e g a t i v e  v e l o c i t y  
v e c t o r .  

11. RESULTS 

The r e s u l t s  a r e  shown i n  F i g u r e  1 f o r  t h e  low d i h e d r a l  
a n g l e  c a s e  and i n  F i g u r e  2 f o r  t h e  h i g h  d i h e d r a l  a n g l e  c a s e .  
I n  e a c h  f i g u r e  t h e  lower  s e t  o f  c u r v e s  u s e s  t h e  d i s t a n c e  from 
t h e  c e n t e r  of  t h e  moon t o  t h e  S - I V B  a t  p e r i s e l e n e  as o r d i n a t e ,  
and i s  used  t o  i d e n t i f y  t h o s e  t r a j e c t o r i e s  which impact  t h e  
moon. The c e n t e r  and uppe r  s e t  o f  c u r v e s  use  as o r d i n a t e s  t h e  
ene rgy  and t h e  p e r i g e e  of  t h e  p o s t - e n c o u n t e r  t r a j e c t o r y ,  r e s p e c -  
t i v e l y .  C h a r a c t e r i s t i c  v e l o c i t y  ( A V )  r e s u l t i n g  from t h e  p e r -  
t u r b i n g  t h r u s t  a p p l i e d  a l o n g  t h e  v e l o c i t y  v e c t o r  was used  as 
t h e  a b s c i s s a  i n  a l l  c a s e s .  

F i g u r e  3 was produced b y  c r o s s  p l o t t i n g  t h e  data  o f  
F i g u r e s  1 and 2 .  The t w o  r i g h t  hand c u r v e s  a r e  o b t a i n e d  from 
t h e  lower  s e t  of  c u r v e s ,  and t h e  r ema in ing  c u r v e s  a re  o b t a i n e d  
from t h e  c e n t e r  and upper  s e t .  Using t h e  f i g u r e s  t h e  f o l l o w i n g  
o b s e r v a t i o n s  can b e  made. 

1. The boundary between t h e  l u n a r  impact  r e g i o n  and t h e  
s l i n g s h o t  r e g i o n  i s  r e l a t i v e l y  i n s e n s i t i v e  to t h e  p e r i -  
s e l e n e  d i s t a n c e  o f  t h e  u n p e r t u r b e d  t r a j e c t o r i e s  ( R  ) .  

For  low v a l u e s  of t h e  d i h e d r a l  a n g l e  DL1, t h e  AV r e q u i r e d  
i s  -66 f p s  f o r  R = 1 . 0 6 ,  (nomina l  Apollo m i s s i o n )  and 
- 6 1  f p s  f o r  R For DL1 = 60°  t h e  AV 

r e q u i r e d  i s  -45 f p s  f o r  R = 1 . 0 6  and -38 f p s  f o r  R = 
Pm Pm 

3 l u n a r  r a d i i .  T h i s  i n s e n s i t i v i t y  can  b e  e x p l a i n e d  by  
d i v i d i n g  the  r e q u i r e d  AV i n t o  two p a r t s ,  one p a r t  ( A V l )  

b e i n g  t h e  amount r e q u i r e d  t o  produce  a r e t r o g r a d e  g r a z i n g  
o r b i t  and t h e  r ema inde r  ( A V 2 )  b e i n g  t h e  amount r e q u i r e d  
t o  change t h e  o r b i t  f u r t h e r  t o  a p o s i g r a d e  g r a z i n g  o r b i t .  
I t  i s  c l e a r  t h a t  AV1 i n c r e a s e s  w i t h  i n c r e a s i n g  p e r i s e l e n e  
d i s t a n c e .  However as t h e  ene rgy  o f  t he  t r a n s l u n a r  o r b i t  
d e c r e a s e s ,  t h e  s e n s i t i v i t y  t o  a p e r t u r b a t i o n  i n c r e a s e s .  
A s  a r e s u l t  AV2 w i l l  d e c r e a s e  w i t h  i n c r e a s i n g  p e r i s e l e n e  
d i s t a n c e .  Thus t h e  t w o  e f f e c t s  compensate and t h e  t o t a l  
AV remains  r e l a t i v e l y  c o n s t a n t .  

pm 

Pm 
= 3 l u n a r  r a d i i .  

Pm 

L 
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2 .  The boundary between t h e  s l i n g s h o t  r e g i o n  and t h e  
r e g i o n  o f  g e o c e n t r i c  e l l i p t i c a l  o r b i t s  v a r i e s  c o n s i d e r a b l y  
w i t h  R The r e s u l t  i s  t h a t  t h e  r a n g e  o f  AV for p r o d u c i n g  
s l i n g s h o t  t r a j e c t o r i e s  i s  r educed  as R i s  i n c r e a s e d .  

Pm' 
Dm 

The ex t reme c a s e  shown i n  F i g u r e  3 i s  f o r  DL1 = 60" and  
R = 3 l u n a r  r a d i i ,  where t h e  AV r a n g e  which w i l l  p ro -  
duce a s l i n g s h o t  t r a j e c t o r y  i s  l e s s  t h a n  5 f p s .  

Pm 

3. For g e o c e n t r i c  e l l i p t i c a l  o r b i t s  r e s u l t i n g  from a 
AV i n  e x c e s s  of  t h a t  r e q u i r e d  f o r  a s l i n g s h o t ,  t h e  p e r i g e e  
d i s t a n c e  ( R  ) becomes less as R i s  i n c r e a s e d ,  and t h e  

p r o b a b i l i t y  o f  an  e a r t h  impact  i s  p o t e n t i a l l y  i n c r e a s e d .  
F o r  DLl = 60"  and AV = -75 f p s ,  R = 20 e a r t h  r a d i i  when 
R = 1 . 0 6  l u n a r  r a d i i .  When R = 3 l u n a r  r a d i i ,  R i s  
r e d u c e d  t o  5 e a r t h  r a d i i .  

Pe  Pm 

P e  

Pm Pm P e  

111. CONCLUSIONS 

The a c c u r a c y  o f  t h e  maneuvers r e q u i r e d  for p r o d u c i n g  
s l i n g s h o t  t r a j e c t o r i e s  i s  i n c r e a s e d  as p e r i s e l e n e  d i s t a n c e  i s  
i n c r e a s e d .  I n  a d d i t i o n ,  f o r  a g i v e n  impu l se  p roduc ing  an  e l l i p -  
t i c a l  e a r th  o r b i t  t h e  r e s u l t i n g  p e r i g e e  d i s t a n c e  i s  r e d u c e d  as 
t h e  f r ee  r e t u r n  p e r i s e l e n e  d i s t a n c e  i s  i n c r e a s e d  and hence  t h e  
p r o b a b i l i t y  o f  e a r t h  impact  i s  i n c r e a s e d .  I n  g e n e r a l  t h e  e f f e c t  
of u s i n g  a h i g h  p e r i s e l e n e  f r e e  r e t u r n  nominal  t r a j e c t o r y  on 
s l i n g s h o t  r e q u i r e m e n t s  i s  t o  i n c r e a s e  t h e  s e n s i t i v i t y  t o  e r r o r s  
i n  e x e c u t i o n  o f  t h e  maneuver and  lower  t h e  nominal  impu l se  
r e q u i r e m e n t .  

20 13-LPG-s r b  

v(gG& !. 
L.  P .  Giese le r  

At t achmen t s :  
R e f e r e n c e s  
T a b l e  I 
F i g u r e s  
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VELOCITY INCREMENT ( A V )  FPS 

FIGURE I - TRAJECTORY CHARACTERISTICS, DL, = 00  
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FIGURE 2 - TRAJECTORY CHARACTERISTICS, DL, = 600 
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